Small soluble oligomers, and dimers in particular, of the amyloid β -peptide (Aβ) are believed to play an important pathological role in Alzheimer's disease (AD). Here we investigate the spontaneous dimerization of Aβ42, with 42 residues, by implicit solvent all-atom Monte Carlo (MC) simulations, for the wild type (WT) peptide and the mutants F20E, E22G and E22G/I31E. The observed dimers of these variants share many overall conformational characteristics, but differ in several aspects at a detailed level. In all four cases, the most common type of secondary structure is intramolecular antiparallel β -sheets. Parallel in-register β -sheet structure, as in models for Aβ fibrils, is rare. The primary force driving the formation of dimers is hydrophobic attraction. The conformational differences that we do see involve turns centered in the 20-30 region. The probability of finding turns centered in the 25-30 region, where there is a loop in Aβ fibrils, is found to increase upon dimerization and correlate with experimentally measured rates of fibril formation for the different Aβ42 variants. Our findings hint at reorganization of this part of the molecule as a potentially critical step in Aβ aggregation. Over the past decade, atomic-level structural models of Aβ fibrils have been developed [5, 6] . In these models, each Aβ molecule participates in two intermolecular face-to-face packed β -sheets, both with a parallel, in-register organization. The two strand regions are connected by a loop at residues ∼25-30 to a β -loop-β motif. This overall fibril organization is shared by the WT variants of both Aβ40 In this article, we investigate the elementary step of Aβ aggregation, the formation of dimers, by implicit solvent all-atom MC methods. We focus on Aβ42, with 42 residues, which is the form of Aβ most closely linked to AD. Starting from random initial conformations, we study the ensembles of dimeric states populated by Aβ42 WT and the three mutants E22G, E22G/I31E and F20E. These The E22G mutation, which is associated with the familial so-called Arctic form of AD [12] , is known to enhance aggregation, whereas the F20E mutation has the reverse effect [11] . The double mutant E22G/I31E shows more complex aggregation properties. Its propensity to form fibrils is almost as high as that of the E22G variant, whereas its propensity to form prefibrillar species is only slightly higher than that of the F20E variant [11, 13] .
Introduction
Increasing evidence indicates that the primary pathogenic form of Aβ, the fibril-forming main component of amyloid plaques in AD, is small soluble oligomers, rather than mature fibrils [1] . In support of this hypothesis, it was demonstrated that Aβ dimers extracted from AD brain samples impair synapse structure and function in rats [2] . Further, it has been found that a familial ADlinked deletion mutant of Aβ (E22∆) forms small oligomers, but very little fibrils [3] . Aβ oligomers of a double-cysteine mutant, called Aβ42CC, were, moreover, shown to be very potent inducers of neuronal apoptosis [4] .
Over the past decade, atomic-level structural models of Aβ fibrils have been developed [5, 6] . In these models, each Aβ molecule participates in two intermolecular face-to-face packed β -sheets, both with a parallel, in-register organization. The two strand regions are connected by a loop at residues ∼25-30 to a β -loop-β motif. This overall fibril organization is shared by the WT variants of both Aβ40 [5] and Aβ42 [6] , which are the two main isoforms of Aβ. By contrast, the Iowa mutant Aβ40 D23N was recently found to form fibrils with antiparallel β -sheets [7] .
Less is known about the structure of Aβ oligomers, but several groups have recently reported successful studies of Aβ oligomers formed under different conditions, including tetramers [8] , pentamers [9] as well as larger species [10] . These studies show, in particular, that the secondary structure of Aβ oligomers is generally different than that found in Aβ fibrils. In two of the studies, antiparallel β -sheets were observed [8, 10] .
In this article, we investigate the elementary step of Aβ aggregation, the formation of dimers, by implicit solvent all-atom MC methods. We focus on Aβ42, with 42 residues, which is the form of Aβ most closely linked to AD. Starting from random initial conformations, we study the ensembles of dimeric states populated by Aβ42 WT and the three mutants E22G, E22G/I31E and F20E. These Aβ42 variants are deliberately chosen to have very different in vitro aggregation properties, and have been found to differ also in terms of their effects on the fitness of transgenic fruit flies [11] .
The E22G mutation, which is associated with the familial so-called Arctic form of AD [12] , is known to enhance aggregation, whereas the F20E mutation has the reverse effect [11] . The double mutant E22G/I31E shows more complex aggregation properties. Its propensity to form fibrils is almost as high as that of the E22G variant, whereas its propensity to form prefibrillar species is only slightly higher than that of the F20E variant [11, 13] .
In previous computational studies of Aβ dimers, one approach has been to examine the stability of preformed structures [14, 15] . Also, a first study of spontaneous dimer formation was 2
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reported [16] . However, simulating the spontaneous dimerization of full-length Aβ molecules is a challenge. Here we tackle this problem by using MC techniques and an effective force field (see Methods). This force field was developed through folding thermodynamics studies of a structurally diverse set of peptides and small proteins, while deliberately keeping it as simple as possible [17] .
Based on the same computational model, we recently investigated [18] the natively unfolded Aβ42 monomer [19] [20] [21] . To validate the simulations, we compared calculated NMR properties (J -couplings and chemical shifts) with experimental data (see Methods). We found that the Aβ42 monomer populates a multitude of β -sheet containing states, and further observed small but clear conformational effects of the E22G, E22G/I31E and F20E mutations.
Results
Using simulated tempering MC techniques and an effective implicit solvent all-atom potential, we study the conformational ensemble populated by two Aβ42 peptides enclosed in a cubic box, under periodic boundary and random initial conditions (see Methods). The simulation temperatures are between T 0 and ∼1.2 T 0 , where T 0 denotes the temperature used in our previous monomer study and corresponds to ∼273-278 K in physical units [18] . Our present study focuses primarily on properties at the same temperature T 0 , but we begin with a brief discussion of how the state of aggregation of the systems (WT, F20E, E22G, E22G/I31E) depends on the simulation temperature.
Coalescence and ordering. The propensity of the peptides to interact and aggregate can be controlled by varying the simulation temperature; all four variants form bound dimeric states at T 0 , while being unbound and disordered at ∼1.2 T 0 . To examine the character of the transition between the monomer and dimer phases, we construct equilibrium free-energy surfaces at different temperatures. The properties monitored are the β -strand content, β , the radius of gyration of individual peptides, R g , and the center-of-mass distance between the peptides, D cm . The α-helix content is low (a few percent or lower) at all temperatures studied, and therefore not included in the analysis. Figure 1 shows the free energies F (D cm , R g ) and F (D cm , β ) for WT, at the temperatures T 0 and 1.09 T 0 . The latter temperature belongs to the transition region where the monomer (high D cm ) and dimer (small D cm ) phases coexist. At 1.09 T 0 , the monomer and dimer populations are 0.60 and 0.40, respectively. The two coexisting phases are both conformationally heterogeneous, spanning broad (and overlapping) ranges in R g and β . For the dimer ensemble, the average R g and 0.36, respectively, while the average R g is 1.47 nm for monomers and 1.35 nm for dimers. The change in β upon dimerization is large for this variant, and indicates that dimer formation is more cooperative than it is for the other three variants. This jump in β , in particular, means that disordered dimers with a low strand content are rare for F20E (see Fig. 2 ). The other three variants and S2).
We now turn to more detailed properties of the observed dimers. Throughout the rest of the paper, unless otherwise stated, we focus on results obtained at the temperature T 0 .
Intramolecular contacts.
To statistically describe the 3D organization of the dimers, we construct intra-and inter-chain contact maps. The probability of finding specific residue contacts within and between chains, at T 0 , can be seen in Fig. 3 . Except in the vicinity of the mutation sites, the contact maps are very similar for all four variants. This agreement between completely independent simulations makes us confident that the main features of the calculated contact maps are statistically robust.
We first discuss the intra-chain contact maps. Many of the observed intra-chain contacts can be associated with turns, recognized as bands extending perpendicularly from the diagonal.
One such band involves residues 10-19. Inspection shows that this band corresponds to a β -hairpin centered at residues 14 and 15. This hairpin contains four characteristic H bonds (connecting residues 11 and 18 and residues 13 and 16). The probability that a given peptide has at least three of these four H bonds present varies between 74-82 %, depending on Aβ42 variant.
Hence, for all four variants, both peptides have this hairpin in the majority of the simulated conformations. In our previous monomer simulations [18] , the hairpin population varied between 36-58 %, which is significantly lower compared to the dimer values. We thus find that dimer formation has a stabilizing effect on this hairpin. To examine this effect quantitatively, we introduce a simple measure of the probability of observing turns centered in this region, n perp . Specifically, we define n perp as the sum of all intrachain contact probabilities within a strip that perpendicularly intersects the main diagonal at residues 25-30. For comparison, we compute n perp for the monomers as well, using data from our previous study [18] . Figure 4 presents the results of this analysis, which show that the three mutations indeed cause significant conformational changes in this part of the molecule. Compared to WT, we find that n perp is high for E22G and E22G/I31E but low for F20E. Furthermore, a clear trend can be seen for n perp to increase upon dimer formation. The increase is most pronounced for E22G and E22G/I31E.
In addition to the 10-19 hairpin and the turns centered in the 20-30 region, there are also two turns centered at residues 7-10 and 35-38, respectively. These two bands of populated contacts are broad and do not correspond to single β -hairpins, but rather to families of such states. Both these turns are, like the 10-19 hairpin, only weakly affected by the mutations.
So far, we have discussed turn structures populated in our simulations, rather than individual residue pair contact probabilities. A residue pair of special interest is Asp23-Lys28, which forms a salt bridge in both Aβ40 [5] and Aβ42 [6] fibrils. This contact is frequently present in our simulations; the contact probability is at the level of ∼30-40 % for all four Aβ42 variants. The electrostatic Asp23-Lys28 interaction has a turn-stabilizing effect. Turn formation in this part of the Aβ monomer is, according to previous computational studies [24, 25] , also driven by hydrophobic interaction between Val24 and the aliphatic part of the Lys28 side chain. Consistent with this, we observe an elevated contact probability for Val24-Lys28 (∼10-15 % for F20E, and ∼15-25 % for WT, E22G and E22G/I31E). A possible difference between Aβ40 and Aβ42 fibrils is in the contacts formed by Phe19, which was found to pack against Leu34 in Aβ40 fibrils [5] but against Gly38 in Aβ42 fibrils [6] . However, the latter result was questioned by a recent study, which observed Phe19-Leu34 packing in both fibrils and oligomers of Aβ42 [9] . In our simulations, the contact probability varies between ∼20-40 % for Phe19-Leu34, depending on Aβ42 variant, the order be- ing F20E<WT<E22G/I31E<E22G. The Phe19-Gly38 contact probability is markedly lower, 7 %, irrespective of Aβ42 variant.
Intermolecular interactions.
We now turn from the intra-to the inter-chain contact maps. In the inter-chain case, there is a small group of residues responsible for all strong contacts (Fig. 3) . No clear bands of contacts perpendicular or parallel to the diagonal can be seen, which, in particular,
shows that intermolecular β -sheets are rare. shows that hydrophobic attraction is vital for the stability of the simulated dimers.
Another potentially important stabilizing force is inter-chain H bonding. However, we already noted that intermolecular β -sheets are rare in our simulations, and it turns out that the average total number of inter-chain H bonds formed is low; it varies between 5-7, depending on Aβ42 variant. Inter-chain H bonding, therefore, provides only a limited contribution to the stability of the dimers.
Intermolecular contacts at the onset of aggregation. The above analysis of inter-chain contacts
pertains to the temperature T 0 , well into the dimer regime. Also interesting is the behavior in the monomer-dimer coexistence region, where the first inter-chain contacts appear. In our simula- Table 1 : Average numbers of inter-chain contacts that the N-terminal (n N ) and C-terminal (n C ) halves of a given peptide are involved in.
WT F20E
T 0 1.09 T 0 T 0 1.04 T 0 n N 9.9 ± 0.4 3.1 ± 0.1 8.2 ± 0.1 2.6 ± 0.4 n C 9.2 ± 1.3 0.9 ± 0.1 7.2 ± 0.3 1.3 ± 0.2 tions, many of these early contacts are between residues belonging to the N-terminal halves of the peptides. To make this precise, let n N and n C denote the average total numbers of inter-chain contacts formed by, respectively, the N-and C-terminal halves of a given peptide. Table 1 shows n N and n C for WT and F20E, both at monomer-dimer coexistence and at T 0 . The data for E22G
and E22G/I31E are very similar to the WT data and therefore not shown.
For WT, we find that n N exceeds n C by a factor ∼3 at the coexistence temperature 1.09 T 0 . This asymmetry indicates that the N-terminal half plays a driving role at the onset of aggregation. Note that n N and n C , by contrast, are similar at T 0 .
The results obtained for F20E are qualitatively similar, but the difference between n N and n C in the coexistence region is less pronounced for this variant. The lower degree of asymmetry between the N-and C-terminal halves corroborates the earlier observation that dimer formation is more cooperative for F20E. Intermolecular β -sheet structure. As indicated, for instance, by the contact maps, intramolecular antiparallel β -sheets are the by far most common type of secondary structure in our simulations.
Examples of dimer conformations.
The β -sheets in Aβ fibrils are intermolecular instead, with an in-register parallel organization of the strands [5, 6] . An example of this type of structure from our simulations can be seen in Fig. 6F (red strands).
To estimate the amount and location of in-register parallel β -sheets, we compute the probability for each residue to be involved in H bonds compatible with this type of structure. This probability is low (<6 %) for all residues in all four Aβ42 variants, as expected from the absence of visible bands on the main diagonal of the inter-chain contact maps (Fig. 3) . For WT, E22G and E22G/I31E, we thus observe in-register parallel β -sheets around the CHC and toward the C terminus but very little such structure in the intermediate 25-29 region, a pattern that matches well with the β -loop-β motif in Aβ fibrils [5, 6] . It must be remembered, however, that this type of structure is rare in the simulations, for all four variants.
Discussion
To gain insight into the structure and formation of Aβ dimers, we have performed an extensive MC study of four Aβ42 variants with known and very different aggregation propensities [11, 13] .
In terms of overall conformational properties, our results are similar for these Aβ42 variants. In particular, in all four cases, we find that the main type of secondary structure is intramolecular antiparallel β -sheets, and thus different than that in Aβ fibrils. The α-helix content was low in our previous study of the monomers [18] , and is even lower for the dimers.
At first glance, our observation of a stable dimer phase may seem to contradict the simulations of Urbanc et al. [14] , who analyzed the stability of a set of planar dimer structures using an allatom model with explicit solvent. They found that these states had higher free energies than the corresponding monomeric states. Our dimer ensembles are diverse and consist predominantly of non-planar structures. Hence, there is no contradiction to the findings of Urbanc et al.
The existence and location of the observed intramolecular antiparallel β -sheets are in broad agreement with recent experimental analyses of Aβ oligomers [8] [9] [10] . Detailed NMR-based characterizations were reported for two oligomeric Aβ species, a tetramer [8] and a pentamer [9] . The tetramer, termed preglobulomer, was found to contain intermolecular in-register parallel β -sheets involving residues 34-41 [8] , as well as an intramolecular β -hairpin formed by residues 19-32. A similarly centered antiparallel structure is seen our simulation, although it is not a well-defined β -hairpin. Within the pentamer, each Aβ monomer was found to have a compact fold with strands and turns, but no proper β -sheet structure [9] . Three solvent-accessible regions were identified, namely 13-15, 25-29 and 37-38, which virtually coincide with the three main turn regions seen in our simulations (Fig. 3) .
Different lines of research indicate that the middle of these three turn regions, near the loop in Aβ fibrils, might play a key role in aggregation. Studies of the Aβ(21-30) fragment found that it adopts a bend structure, favored by both hydrophobic and electrostatic interactions, which is destabilized by several AD-linked mutations in a manner that correlates with Aβ oligomerization propensity [25] [26] [27] . It was further demonstrated that the coupling of the Asp23 and Lys28 side chains in Aβ40 through a lactam bridge leads to a much faster fibril formation [28] , potentially by increasing the population of assembly competent conformations [29] .
In our calculations, we observe conformational changes caused by mutations as well as by dimerization in this part of Aβ42. A clear illustration is the n perp analysis, where n perp is a simple contact-based measure of the propensity for formation of turns centered in the 25-30 region.
We find that the four variants have different n perp , and that in all cases the magnitude increases upon dimerization (Fig. 4) .
Two frequently occurring intramolecular contacts in our simulations are Asp23-Lys28 and Phe19-Leu34. They have been recognized as key interactions in Aβ fibrils [5, 6, 9] , and the latter has also been found in Aβ40 bound to an Affibody protein [30] . Our analysis suggests that the Phe19-Leu34 contact probability is mutation sensitive. The rank order among the Aβ42 variants with respect to this contact probability as well as to n perp and experimentally measured fibril formation rates [11] is F20E<WT<E22G/I31E E22G. These observations are consistent with a general picture in which only certain conformational states are aggregation competent, and mutations affect the aggregation propensity by altering the population of these states [29] . In our simulations, fibril-like conformational properties are altered by the mutations, and the observed changes correlate with measured fibril formation rates [11] .
In-register parallel β -sheets were observed near the C terminus in the above-mentioned pentamer study [9] , but occur in only small amounts in our simulations. We find low populations of such structure around the CHC and toward the C terminus, while it is virtually absent in the two regions 5-11 and 25-29 for WT, E22G and E22G/I31E. This pattern bears a resemblance to the β -loop-β motif in Aβ fibrils, but needs a firmer statistical verification. F20E, on the other hand, has a more uniform distribution of in-register parallel β -sheets along the chain.
The main stabilizing force for the simulated dimers is hydrophobicity, as indicated by a clear correlation between the average number of inter-chain contacts for a given residue and its hydrophobicity. The residues involved in most inter-chain contacts are Phe4, Phe19 and Phe20, the latter two of which belong to the CHC. Our calculations are, therefore, consistent with a driving role for the CHC in Aβ aggregation [31] . In line with this hypothesis is the observation of a reduced aggregation propensity for F20E, in experiments [11] as well as in our simulations.
Among the WT, E22G and E22G/I31E variants, we observe only minor dissimilarities in dimerization propensity, while it is known that there are marked differences in their predisposition for forming larger aggregates [11] . A possible explanation is that the aggregates must be structurally more regular and uniform in order for mutation-induced conformational changes to play a role. A clear tendency toward more regular and uniform aggregates with increasing aggregate size was recently observed in simulations with up to 32 chains for a small fibril-forming peptide [32] . Therefore, it is, despite the challenge, of utmost interest to pursue the simulations of Aβ aggregation to larger systems. Already at the dimer level, we observe conformational features not easily anticipated from monomer studies.
Methods
We study Aβ42 dimerization using all-atom MC simulations with implicit solvent. The potential we use is composed of four terms, E = E loc + E ev + E hb + E sc . The first term, E loc , contains local interactions between atoms separated by only a few covalent bonds. The other three terms are nonlocal in character: E ev represents excluded-volume effects, E hb is a hydrogen-bond potential, and E sc describes residue-specific interactions, based on hydrophobicity and charge, between pairs of side chains. A full description of the potential can be found elsewhere [17] .
Our use of implicit solvent represents a coarse-graining in the description of the systems, and means that some potentially important questions cannot be addressed. For example, we cannot clearly distinguish between solvated and proper salt bridges [33] , or study the effects of discrete water molecules on fibrils [34] or fibril formation [35] . Such effects are only included in a meanfield sense in our calculations. The advantage of using implicit solvent is that it makes it possible for us to study the interaction of two unconstrained full-length Aβ molecules, which otherwise would be out of reach on today's computers.
The possibilities to directly relate our dimer simulations to existing computational or experimental studies are limited. However, our previous monomer simulations [18] can be compared, e.g., with the combined molecular dynamics and NMR study of Sgourakis et al. [36, 37] . Our results were similar to theirs with respect to turn locations. However, the β -strand content was higher in our simulations than it was in theirs, and than what has been been found by deconvolution of circular dichroism measurements [38] . This could indicate that our force field overestimates the strand content. Therefore, to test our methods, we calculated J -couplings and chemical shifts, which depend on secondary structure and can be estimated from simulations in a relatively direct manner. Our calculated J -couplings were compared with the experimental values obtained by Sgourakis et al. [36] , with good results [18] . In particular, no sign was found that the strand content was overestimated in our simulations. Our calculated chemical shifts were compared with the experimental data of Hou et al. [20] , with the same conclusion [18] .
In the present article, we simulate the equilibrium properties of systems of two Aβ42 peptides enclosed in a periodic box of size (200 Å) 3 . The simulations are started from random initial conformations and carried out using simulated tempering [39, 40] with five temperatures, ranging from T 0 to ∼1.2 T 0 . The simulation temperature T 0 corresponds to ∼273-278 K, based on comparisons of our Aβ42 WT monomer simulations with NMR measurements [18] . The elementary moves employed are rotations of individual backbone and side-chain angles, concerted rotations of sets of
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Monte Carlo simulations of Aβ42 dimers eight backbone angles [41] , and rigid-body translations and rotations of whole chains.
For each of the Aβ42 variants studied (WT, F20E, E22G, E22G/I31E), we perform 40 independent runs, using the open source C++-package PROFASI [42] . Each run comprises 2 · 10 10 MC steps, corresponding to ∼ 60 CPU days on a 3 GHz Intel Xeon 5160 core. The first 10 % of each run is discarded for thermalization. Mean values and statistical errors are calculated by using the jackknife method [43] .
In our analysis of the simulations, secondary structure assignments are determined by using the STRIDE program [44] . The center-of-mass distance between the two peptides, D cm , and the radius of gyration of a chain, R g , are computed over all non-hydrogen atoms. A contact between two residues which are not nearest or next-nearest neighbors along the chain, is defined as follows.
A pair of heavy atoms closer than 4.5 Å, one from each residue, is said to provide a link between the residues. Residue pairs with two or more links are defined to be in contact.
The generated conformations are clustered based on which inter-chain contacts they contain, by using the QT algorithm [45] . As maximum cluster diameter a Jaccard distance of 0.667 is used, where the Jaccard distance between two sets A and B is given by 1 − |A ∩ B |/|A ∪ B |.
Figures of 3D structures are prepared using PyMOL [46] .
